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ABSTRACT  The  three  chief physicochemical theories  of the  oxygen-hemoglobin 
equilibrium in vogue 40 years ago still influence current thought on the problem. 
Although the Hill theory lost its fundamental basis some 40 years ago, the famous 
empiric equation to which it gave rise is still much used, as a useful phenomenological 
expression,  only involving two disposable  constants. The Haldane theory, of which a 
difference in aggregation of oxygenated and deoxygenated hemoglobin was a funda- 
mental feature, lay for many years dormant but has recently had  an astonishing 
reawakening through the work on lamprey hemoglobin, which clearly reveals such 
differences in aggregation. Lamprey hemoglobin might thus be called a  "Haldane 
type"  hemoglobin.  Adair's  four-stage  intermediate  compound  theory  still  seems 
applicable in the case of hemoglobins such as those of sheep, whose tetramer molecules 
do not tend to dissociate  into dimers, and which might therefore be called "Adair 
type" hemoglobins. Horse and human hemoglobins appear to reveal both "Haldane" 
and "Adair" behaviour. The effects of pH, temperature, and protein concentration 
on the oxygen-equilibrium of sheep hemoglobin are summarised, and it is shown that, 
although the  equilibrium curves  are  often isomorphous over  their  middle range, 
intensive work at the top and bottom of the curves reveals considerable differences in 
the relative effects of these factors on the several  equilibrium constants of Adair's 
four intermediate equations.  In the last section  an account is given of preliminary 
experimental attempts to interpret the oxygen- and carbon monoxide---equilibrium 
curves of whole human blood, under physiological  conditions in terms of the Adair 
intermediate compound hypothesis. 
INTRODUCTION 
The Hill, Haldane, and Adair  Theories of the 
Oxygen-Hemoglobin Equilibrium 
Present day studies  on  the  physieochemieal mechanism of the  equilibrium 
between  oxygen  and  hemoglobin  are  still  much  dependent  on  the  three 
theories, which were in vogue  40  years  ago,  at  or  about  the  time when  I 
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began research in  this  field.  Some discussion of each of these theories  may 
therefore serve as  an  introduction to  certain of the recent investigations on 
sheep and human hemoglobin which will form the main subject of this paper. 
1.  A. v. HILL'S THEORY (1)  This theory assumed that oxygenated hemo- 
globin  (O~Hb for short)  and deoxygenated hemoglobin  (Hb for short)  both 
exert an osmotic pressure in solution equal to  1/n times the osmotic pressure 
which they would exert, if present in solution as monomers, each containing 
one atom of iron. Hill thence deduced his famous equation 
K:  (1.1)  Y-l+~p,, 
or  :  (,)n 
1  y  ~  (1.2) 
where y  is  the fractional saturation of the hemoglobin with oxygen, p  is  the 
oxygen pressure  in  general,  P0.5  is  the  oxygen pressure  for  half-saturation, 
and K  and n are constants. 
At salt concentrations of ionic strength, 0.1-0.4 ~, the value of n was usually 
found to lie within the range 2.5  to  3.0,  but  declined towards  unity as  the 
ionic strength was reduced. 
Differentiation of both  sides of equation  (1)  with respect to p  shows  that 
if n is greater than unity, dy/dp should tend to zero at very low values of p, as 
the old experimental data on human blood did indeed seem to show (Barcroft, 
2; see also curve B  of Fig.  2 below). This result, together with the excellence 
with which the experimental data over the whole range could be fitted by an 
equation  containing  only two  disposable  constants,  did  in  fact  place  Hill's 
theory in  such a  dominant position  that  a  great scientist  and  writer of the 
time, W.  M.  Bayliss  (3), was moved to warn that there was "some risk that 
the  question  of  the  oxygen-hemoglobin  equilibrium  might  be  considered, 
prematurely, to be settled." 
The replacement after World War I  of the Haldane-Barcroft methods, for 
estimating combined oxygen in blood and hemoglobin solutions, by the Van- 
Slyke  gasometric  techniques  revealed  that  many  of the  earlier  data  were 
subject to a  systematic source of error. Adair  (4), applying the more modern 
procedure to human blood, showed that dy/dp does not tend to zero at very 
low values of  p,  and furthermore that the calculated value of n in this  range 
tends towards unity,  only rising to  the plateau value of 2.5  to  3.0  over the 
middle of the equilibrium curve. This conclusion was confirmed by Hastings 
(5)  on unpublished  data for horse hemoglobin by Van  Slyke, Robson,  and 
Hastings. In this paper it was shown that n likewise tends to drift back towards 
unity at  high values  of p.  This  variation  of n  with p  has  been  abundantly F. J. W.  RotroI-rroN  Oxygen  Equilibrium of Mammalian Hemoglobin  lO7 
verified by subsequent workers  (see e.g.  Fig.  3  in  Roughton,  6)  and  is now 
generally accepted (see e.g.  Wyman, 7). 
An even more important blow  at the theoretical basis of equation  (1) had 
also been struck by Adair's classical finding that n, as determined by direct osmotic 
pressure  measurements,  is  (a) equal to 4 rather than  1 to 3  (as the oxygen equi- 
librium  work  had  indirectly suggested),  and  (b)  does  not  decline  towards 
unity as the electrolyte concentration is reduced. A. V. Hill remarked to me 
recently that he thought that by 1930 "n"  had died and been decently buried. 
Such was indeed true of Hill's theory,  but his equation still continues in wide- 
spread use on account of its practical convenience, for over a wide range of the 
equilibrium curve (ca.  20 to 80 per cent saturation),  n,  as calculated empiri- 
cally from the experimental data,  frequently turns out to be approximately 
constant.  In his recent review on "Linked functions and reciprocal effects in 
hemoglobin"  Wyman  (7)  has  also  made extensive theoretical use of n  as  a 
"phenomenological" parameter,  defined empirically either  by equation  (1) 
or by one of the differential forms of the latter, viz. 
rt  F 
d In  Y 
1  --y  _  1  dy  (2) 
dlnp  y(1  --y) dlnp 
The reader cannot but be struck by the ingenuity and fertility of Wyman's 
deductions, but his treatment, like the empiric use of the original Hill equa- 
tion (1.1) does tend to concentrate attention on the middle of the equilibrium 
curve,  where  compensating  factors  are  often  involved,  and  does  not  fully 
emphasize  some of the more clear-cut lessons  to  be  derived from intensive 
study of the top and bottom of the curve.  Careful work in these extreme re- 
gions  has  (see below)  yielded conclusions which in  some cases  differ from, 
and  might never have  been  suspected  from,  those  drawn  from  the  experi- 
mentally easier observations on the middle of the curve. 
Hill's equation will no doubt continue to be used for some, if not all, of its 
second half-century, but  !  believe it would  be  an  advantage,  especially for 
the non-specialist,  if its symbols could be altered so as to stress its limitation 
to the middle of the curve. A possible form might be 
K~ n(mid) 
y  (mid)  -  1 -t- Kp "(mid~  (2.1) 
During the rest of the present paper n  (mid) will be used for the value of n, 
as estimated empirically from the middle of the equilibrium curve. 
2.  HALDAN~'S TI-mORY (8)  The  general  equation  derived  from  this 
theory is as follows :-- zo8  OXYGEN-TRANSPORTING  PIGMENTS 
Ky[1  --  b(1  -- y)]  (3) 
where K,  a, and  b are suitable,  selected constants. 
Equation  (3) was worked out in his last year as a  schoolboy at Eton by the 
late J. B. S. Haldane, whose death in the same week as that  of this conference 
was  and  is  widely mourned.  Haldane's  theory  and  the  resulting  equation 
have had  a  rather  curious history.  The theory, with its three disposable con- 
stants,  was  based  on  simplifying  assumptions,  which  50  years  ago  seemed 
rather far fetched and  arbitrary,  especially in their application to the oxygen 
equilibrium in whole human blood (see Appendix). It did not, in consequence, 
make nearly as great an impact as Hill's equation, and in fact soon faded out 
from the literature--not,  as it turned  out,  into  oblivion but into limbo.  For, 
in the last 2 years, the Haldane concepts have had an astonishing resurrection, 
due to recent experimental findings, in certain cases, that deoxygenated hemo- 
globin has a greater tendency to aggregate into polymers than has oxygenated 
hemoglobin.  Such  a  difference  was  a  fundamental  element  of the  Haldane 
scheme,  according  to  which  the  reaction  of oxygen  with  hemoglobin  only 
occurs when the protein  is in the monomeric form; i.e.,  02  q-  Hb  ~  O2Hb. 
The  sigmoid  equilibrium  curve was  explained  by the  differing  equilibria  of 
Hb and  O2Hb with their  respective polymers,  which latter,  as already indi- 
cated,  were not supposed to be concerned directly in the reversible reactions 
with oxygen. 
3.  ADAIR'S THEORY (4)  Adair's  classic  discovery,  just  over  40  years 
ago,  that  the  mammalian  hemoglobin  molecule  is  a  tetramer  containing 
four  atoms  of iron,  led  him  to  propose  his  well  known  intermediate  com- 
pound theory, according to which oxygen (or other analogous ligands)  reacts 
in four successive stages 
whence 
Hb4  +  02 ~  Hb402 equilibrium constant  =  K1 
Hb402 +  O~ ~  Hb404 equilibrium constant  =  K2 
Hb404 +  02 ~  Hb406 equilibrium constant  ---  Ks 





Kip +  2KIK2p  ~ +  3K1K2K3p  3 +  4K1K~K3K4p  4 
Y =  4(1  +  t(~p  +  K1K2p ~ +  K1KeK~p a +  K1K2KaK4p  4) 
(4.5) 
or, in more general form when the heme groups are not implicitly assumed to 
be equivalent to one another 
Alp +  2A2p  2 +  3A3p  3 +  4A4p  4 
Y =  4(1  +  Alp +  A2p  2 +  A3p  3 +  A4p  4)  (4.6) F. J. w. ROUOHTON  Oxygen  Equilibrium of Mammalian Hemoglobin  Io9 
This plethora of disposable constants,  together with the inability to detect, 
still less  to measure, the actual concentration of any of the supposed inter- 
mediate  compounds,  Hb402,  Hb404,  Hb,O6,  deterred  Adair  from  any 
further follow-up of his theory, which had indeed to wait until the excessive 
number  (four)  of disposable  constants  could  be  reduced to  two.  The  first 
efforts in this direction were of a  theoretical deductive type (see Forbes and 
Roughton, 9; Pauling, 10, Wyman, 11). A review of the problem in 1948 (12) 
at the Barcroft Memorial Conference at Cambridge led me, however, to con- 
elude that all the preceding deductive work, valuable and stimulating though 
it  had  been,  really needed to  be  supplemented by inductive and  specially 
accurate experimental measurements at the  top  and bottom of the oxygen 
equilibrium curve, for from such studies there was a  chance of isolating K1 
and K4 and thus reducing the disposable constants from four in number to 
two.  In this way, estimates of all the four Adair constants have in fact been 
made  for  solution  of sheep  hemoglobin  (concentration  1  to  30  gm/liter, 
pH 7.1-9.1,  ionic strength 0.1  M, temperature 19 °C) by Roughton, Otis, and 
Lyster (13).  Sheep hemoglobin was the species chosen for several reasons, of 
which the most important is the great stability of the tetramer molecule to- 
wards dissociation into subunits.  Long ago Wu and Yang  (14)  had indeed 
shown that sheep Hb,  unlike human or horse Hb, does not split into dimers 
in 40 per cent urea solution: more recently, analytical ultracentrifuge analysis 
(Johnson and Kernohan, 15) has failed to reveal any splitting of the tetramer 
sheep hemoglobin (oxygenated or deoxygenated) over the pH range 7.1-9.0, 
ionic strength 0.1  M,  even at  protein concentrations down to  0.2  gm/liter; 
i.e.,  at dilutions four times greater than those used in our oxygen equilibrium 
studies. For this reason, together with others discussed in the next section on 
the  hemoglobin  concentration-dependence  of  the  oxygen  equilibrium, 
it has still  seemed justifiable to interpret the sheep Hb data in terms purely 
of the four-stage Adair scheme without allowing for dissociation of the hemo- 
globin into subunits, as in the scheme of Haldane (8)  and Briehl  (16).  In a 
later section the effects of varying temperature, pH,  and sheep Hb concen- 
tration are discussed in terms of the unmodified Adair theory. 
The Protein Concentration-Dependence of the Oxygen-Hemoglobin 
Equilibrium--"Haldane"  and "Adair"  Type Hemoglobins 
Lamprey hemoglobin has been demonstrated experimentally by Briehl  (16) 
to show behaviour of the Haldane type, for in the oxygenated form it is mono- 
meric but when deoxygenated it tends to aggregate into dimers, and to an 
increasing extent--in accordance with the law of mass action--as the protein 
concentration is raised. Assuming with Haldane that it is only the monomeric 
form which can react reversibly with oxygen, it can be shown that p 0.5 should 
be proportional to the square root of the protein concentration. This relation- IIO  OXYGEN-TRANSPORTING PIGMENTS 
ship has been approximately verified over a wide range, p 0.5 at pH 6.8, 25 °C, 
increasing about three times when the lamprey hemoglobin concentration is 
raised  tenfold.  A  similar relationship in  a  low protein concentration range 
(ca.  0.5-1.5 gm/liter), has been reported by Riggs (17), for the electrolytically 
fast  component of tadpole hemoglobin. Above this range,  Riggs states  that 
dissociation only occurs  to  a  slight extent,  and  in  agreement therewith  he 
finds that P0.5 at 15 gm/liter is only ca.  1.35 times greater than at 1.5 gm/liter, 
instead of 3.2 times greater as the square root "law" would require. 
Mammalian  hemoglobin has  so  far  shown  much smaller  concentration- 
dependence effects. For human hemoglobin in 0.5 M phosphate buffer, pH 7.0, 
20°C, Rossi-Fanelli et al.  (18) reported that p0.5 only rises from ca.  9.4 to 12.4 
torr when the protein concentration is raised from 0.5 to 62.5 gm/liter. For 
sheep hemoglobin in 0.2 M borate buffer, pH 9.1,  19°C, Roughton et  al.  (13) 
found  a  concentration effect  between 4  and  30  gm/liter, P0.5  at  the latter 
being ca.  1.3 times greater than at the former concentration. In this relatively 
high concentration range Riggs  (17)  is  correct in  stating  that  the effect is 
"precisely the same" as in the case of the electrolytically fast component of 
tadpole hemoglobin. In the lower concentration range, however, the situation 
is apparently different for, on the basis of the available data,  Roughton (6) 
reports no appreciable fall in p0.5 when the sheep hemoglobin concentration 
is reduced from 4  to  1.3 gm/liter whereas the P0.5 for Riggs' tadpole hemo- 
globin decreases by about 30 per cent over the same concentration range.  It 
seems possible that the increased p 0.5 in sheep hemoglobin solutions at 4 gm/ 
liter may be due not to dissociation but to the effect of Van der Waals forces 
between the heine groups of neighbouring protein molecules: such forces are 
generally supposed to vary inversely as the seventh power of the intermolecular 
distance, and their effect should thus cut off quite sharply as the dilution is 
increased.  It is true,  as Briehl  (16)  has pointed out,  that if oxygenated and 
deoxygenated  hemoglobin tetramers  dissociate  to  an  exactly  equal  extent 
there should be no concentration-dependence of p0.5 • So far, however, it has 
been found that  if dissociation occurs at  all,  it occurs more markedly with 
oxygenated than with deoxygenated hemoglobin: this principle does indeed 
apply to the dissociation of human hemoglobin on progressive dilution (Gil- 
bert,  19). 
Haldane's original idea that hemoglobin only reacts with oxygen when the 
protein is  in  the dissociated form,  implies an extremely high affinity of the 
latter  for  oxygen  (or  other  analogous  ligands  such  as  carbon  monoxide), 
especially in the case of hemoglobins, like those of sheep, in which no dissocia- 
tion has so far been detectable by the analytical ultracentrifuge. The Haldane 
idea, though thermodynamically tenable, runs into difficulties from the kinetic 
viewpoint when applied to the hemoglobin of sheep blood. A very high affinity 
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mitted  by the limiting effect of diffusion on  the maximal rate  of chemical 
reactions in solution, or alternatively (b) such a slow rate of dissociation of the 
ligand from combination with the protein,  as  would make the hemoglobin 
useless as an oxygen carrier during the short periods (of the order of a  second) 
in which it has  to function in  the circulating blood.  A  further difficulty as 
regards the possibility of a  very high rate of combination of ligand with dis- 
sociated hemoglobin is that Roughton (20) was unable to detect any change 
in the velocity constant of combination of carbon monoxide with sheep hemo- 
globin over the range 2 to 0.06 gm Hb/liter, although the concentration of  dimer 
would be expected to increase five to six times over such a range. This finding 
together with the other points brought forward in this section, constitutes a 
rather strong body of circumstantial support for treating sheep hemoglobin 
as a  stable tetramer, in regard to the physical chemistry of its reactions with 
oxygen, and it is accordingly on this basis that the sheep hemoglobin-oxygen 
equilibrium data  have  been  handled  in  the  next  section.  It  may perhaps, 
indeed, at this stage be permissible to postulate two extreme types of hemo- 
globin. The first of these types, in which it is suggested that it is legitimate to 
use the four-stage intermediate compound theory in unmodified form, might 
be  called  an  Adair  type  hemoglobin.  The  second  type,  to  which lamprey 
hemoglobin  seems  preeminently to  belong,  might  for  obvious  reasons  be 
called  a  Haldane  type hemoglobin. Betwixt and  between would be  hemo- 
globins showing both types of behaviour. 
Human hemoglobin, unlike sheep hemoglobin, is definitely dissociated by 
strong urea solutions, and also by dilution at physiological pH (7.1) and ionic 
strength  (0.1  M).  Thus under the latter conditions Gilbert  (19)  reports that 
at  100  gm Hb/liter,  about 98 per cent human oxygenated hemoglobin is in 
the tetramer form, whereas at  1 gm Hb/liter the tetramer amounts to about 
84 per cent of the whole. These results, which in Dr.  Gilbert's words "must 
be treated as provisional, but the order of magnitude of the results is likely 
to  be  right,"  suggest that  human hemoglobin may show some Haldane  as 
well  as  Adair  behaviour  and  its  oxygen equilibrium  (unlike  that  of sheep 
hemoglobin) would thus, in dilute solution, be inappropriate for application 
of the unmodified Adair theory. Inside the human red cell, however, wherein 
the Hb concentration is of the order of 400 gm/liter at least 99.2 per cent of 
the hemoglobin  might on the basis of Gilbert's figures, be in the tetramer form; 
if, in accordance with the views of Perutz,  the hemoglobin molecules are so 
packed as only to be able to rotate the maintenance of a dynamic equilibrium 
between tetramers and the very small percentage of dimers might be seriously 
impeded, and the reaction of oxygen with the two forms might proceed almost 
independently of one another.  In the last section of this paper a  preliminary 
attempt is made to treat the oxygen equilibrium of whole human blood under 
physiological conditions in terms of the unmodified Adair theory, and some I12  OXYGEN-TRANSPORTING  PIGMENTS 
comments will be given there as to possible complications not only from the 
presence of hemoglobin dimers in the red cell but also from other factors. 
The Effect  of Various Factors on the Oxygen  Equilibrium  of Sheep Hemoglobin, 
As Interpreted  by  the Adair Intermediate  Compound Hypothesis 
For this purpose it has been necessary to evaluate the four individual inter- 
mediate  equilibrium  constants  of equations  (4.1),  (4.2),  (4.3),  and  (4.4). 
From an ordinarily determined equilibrium curve over the range I0 to 95 per 
cent saturation, with individual points accurate to ca.  4-1 per cent saturation, 
it is only possible to determine the product (K1  X  K2  X  K~  X  K4) or A4 with 
satisfactory accuracy; e.g., ca.  4-5 per cent. The introduction, however, of a 
specially exact method (Paul and Roughton, 21 ; Roughton, Otis, and Lyster, 
13) for studying the very low range, i.e.  0  to  1 per cent saturation, to within 
ca.  -4- 0.03 per cent saturation gives values of K1 directly to within ca.  4- 5 per 
cent of themselves. So far  it has only been possible to estimate K4 independ- 
ently by two indirect methods viz: 
(a)  From the theoretical relation L4  =  MK4,  where M  is the competitive 
equilibrium constant of hemoglobin for CO and 02 when these gases are 
jointly present in sufficient amount to saturate  the hemoglobin and L4 is 
the  equilibrium constant  of the  analogous  carbon  monoxide reaction  of 
hemoglobin, i.e.  Hb4(CO)3  +  CO  ~  Hb4(CO)4.  M  is measured by well 
established methods and has an average value of about 245 for sheep hemo- 
globin at pH 9.1,  19°C, whereas L4 is obtained by the special gasometric 
procedure of Roughton (22) for the top of the  COHb  equilibrium curve 
(i.e.  99 to  100 per cent saturation). 
(b)  From the  equation K4  =  k4'/k4  where  k4'  and  k4  are  the  respective 
velocity constants of the reactions Hb406  +  02  --* Hb4Os and Hb408  --* 
Hb406  +  02,  both  of which  are  separately  determinable  (Gibson  and 
Roughton, 23; Gibson, 24; Roughton, 6). 
Method  (a)  was originally applied only to rather  concentrated hemoglobin 
solutions (ca. 30 gm/liter) at pH 9.1, but it has recently proved possible (see 
later)  to  extend  it  to  whole blood  under physiological conditions  (pH  7.4, 
37°C, pCO,  =  40  torr).  Method  (b)  has so far  only been feasible in fairly 
dilute solutions (ca. 0.5 to 2 gm Hb/liter)  but can be used over the whole pH 
range 7 - 9. 
Application of least mean squares procedures to these more extended data, 
first by desk methods (see Daniels in the Appendix to the paper by Roughton 
et al.,  13) and later with the aid of automatic computation programmes, then 
gives individual values  of the  four  Adair  constants  of  equation  (4.6),  viz. 
A1, A2, A3, and A4, together with their standard errors. Thence it is easy to 
derive the values for/~1  (  =  A1), K2( =  A2/A1), K3( =  A3/A2), and K4( =  A4/A3) 
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are all equivalent are these K values equal to the actual equilibrium constants 
of equations  (4.1)  to  (4.4); if the hemes do not behave equivalently in their 
respective reactions with oxygen, then I£1, K:, K3, and K~, as defined in the 
last sentence, represent composite, average, equilibrium constants. 
The most exhaustive tests  of these procedures have been made on sheep 
hemoglobin solutions of concentration 30 to 40 gm/liter, pH 9.1  (0.2 M borate 
buffer), temperature  19°C.  The average values  of  C.V.,  the  coefficient of 
variation  (i.e. standard  error  +  estimated value  of the  constant),  for  the 
various constants were for K1,6 per cent, K~., 25 per cent, K3,35 per cent, and 
/£4,  16 per cent. The reason why the C.V.'s for Ks and K3 are  significantly 
higher is  partly that  an  alteration of Ks  in  one direction can  be  counter- 
balanced by an alteration of Ks in the opposite direction, the product Ks  × 
Ks however, remaining fairly constant. The C.V. of X/~K8 does in fact work 
out at about  10 per cent and is thus intermediate between the C.V.'s of/£i 
and  K4.  The value of the  parameter ~Ks,  being  more  reliably  deter- 
minable than  either of these individual constants, K2  or K3,  will  therefore 
also be used in the description of the effect of various factors on the oxygen- 
hemoglobin equilibrium. 
If the separate hemes are not only equivalent, but also act independently of 
one another as regards their equilibria with oxygen, then on simple statistical 
principles we should have 
KI:K2:K3:K~: : 1 :~:~:M6  (5.1) 
or 
KI:~K4:  : I :  1~:1~6  (5.2) 
Actually, in ordinary sigmoid oxygen equilibrium curves there are, of course, 
serious departures from these statistical ratios,  especially as regards K4:KI, 
which in the case of sheep hemoglobin at pH  9.1  is about  18:1,  instead of 
1 : 16,  the ratio thus being enhanced 18  >(  16  =  288  times. We may define 
"enhancement" factors for the various intermediate stages as follows :-- 
8K2  6K3  16K4  F23 
If no  enhancement occurs these factors are  all  equal  to  unity and  Adair's 
equation simplifies to that of a rectangular hyperbola, viz. 
np 
Y-I+Kp 
If F is greater than 1, there is positive enhancement whereas if F is less than 1, 
there is negative enhancement. 
Table I summarises previously published data (Roughton et al., 13; Rough- xx4  OXYGEN-TRANSPORTING  PIGMENTS 
ton,  6)  on the effect of temperature, pH,  and protein concentration on K1, 
K2, Ka,  "v/K=Ka, and K4 for sheep hemoglobin solutions, together with  the 
corresponding values of F=, Fa, F2a, and F4, which are shown in parentheses 
under  the  corresponding values  of Ks,  Ka,  ~,  and  K4.  In  the  pH 
studies sheep hemoglobin of electrophoretic type A was used; the temperature 
and  concentration  experiments  were  done  some  years  before  the  distinct 
TABLE  I 
EFFECT  OF  TEMPERATURE,  pH,  AND 
PROTEIN  CONCENTRATION  ON  THE  ADAIR  INTERMEDIATE 
CONSTANTS  FOR  SHEEP  Hb 




(19°C, I  =  0.1  M, 





(pH 9.1, I  =  0.1 M, 




(19°C,  pH  9.1, 
I=  0.1  M) 
0.33  0.11  0.27  0.17  2.0 
(F2  =  0.9)  (F3  =  4.9)  (F~z  =  2.1)  (F4  =  97) 
0.084  0.016  0.03  0.022  1.6 
(F=  =  0.5)  (Fa =  2.1)  (F2a  =  1.0)  (F,  =  405) 
0.11  0.20  0.15  0.17  2.0 
(F2  =  4.9)  (Fs  =  8.2)  (F2a  =  6.2)  (F4  =  290) 
0.72  0.76  0.37  0.53  5.6 
(F~  =  2.8)  (Fa  =  3.1)  (F23  =  3.0)  (F,  =  124) 
0.33  0.11  0.27  0.17  2.0 
(F2  =  0.9)  (Fs  =  4.9)  (F2a  -  2.1)  (F,  =  97) 
0.11  0.22  0.185  0.20  2.0 
(F2  =  5.3)  (F3  =  10.0)  (F2s  =  7.3)  (Y,  =  290) 
electrophoretic types had been recognised, but the sheep hemoglobin used in 
this earlier work was probably also of type A. 
Effect of pH 
The experimental data at pH 7.1 and pH 9.1  in Table I confirm the old view 
that, provided the ionic strength is kept constant, the equilibrium curves over 
their main range are isomorphous;  i.e., can be made to coincide by appropriate 
adjustment of the pressure scale. In the present instance the oxygen pressures 
at pH 9.1, if all multiplied by a scaling factor of 4.44, give the same equilibrium 
curve within experimental error  (over the range 10 to 80 per cent) as that at 
pH 7.1, the oxygen pressures in the latter case being unaltered. The simplest F. J.  W.  ROUGHTON  Oxygen  Equilibrium of Mammalian Hemoglobin  i 15 
explanation would be that Ka, K2, K3,  and K, are all 4.44 times greater at 
pH 9.1  than at pH 7.1.  This is seen to be approximately true of K1,  but K2 
and K3 are both much more affected, being raised about seven- and nine-fold 
respectively.  On the other hand K, is  only around  1.25  times greater,  thus 
compensating closely for the abnormally high effects of pH on K2 and K3 • If 
this result is correct it would mean that 
(a) The fourth stage reaction Hb40~  +  02 ~  Hb40 8 resembles the reaction 
of oxygen with myoglobin in being only very slightly sensitive to pH; i.e., 
it has only a very small Bohr effect. 
(b) The equilibrium curves should cease to be isomorphous in the top range. 
This last indication has recently been confirmed directly by Glauser  (25) 
in a  very elegant and  convincing manner. He  showed  that if,  in  an  all- 
TABLE  II 
CALCULATED VALUES  OF QI,  Q~,  AND ~  IN  CALORIES 
Q1  Q  Q, 
Sheep hemoglobin (pH 9.1,  borate buffer)  15,700  10,900  8,700 
Human hemoglobin (neutral pH, very low salt  24,800  20,100  14,640 
concentration) 
Human hemoglobin (neutral pH,  1.0 •  NaC1)  18,430  14,900  12,000 
liquid system containing whole human blood at pH  7.4,  pCO~  --  40  torr 
and temperature  --  37°C, sufficient lactic acid is injected to lower the pH 
to  7.25,  the oxygen pressure,  as  recorded  by an  oxygen electrode,  is  in- 
creased  in the same  proportion over the  whole range  of the  equilibrium 
curve up to about 95 per cent saturation, but above this the proportionate 
increase in oxygen pressure drops off progressively and markedly 
In preliminary experiments on the top of the carbon monoxide-hemoglobin 
equilibrium curve I have noted a  similar decrease in sensitivity to pH. Riggs 
(17) mentions even more clear-cut effects of the same kind in human hemo- 
globin  treated  with  N-ethylmaleimide and  horse  hemoglobin treated  with 
mersalyl. 
Effect of Temperature 
The equilibrium data at 0 and  19°C (in Table I) also yield curves which are 
isomorphous over the main range, though not at the extremes (see Roughton 
et al.,  13, Fig. 2). Application of the Van't Hoffisochore, 0 In K_  Q  ,gives  OT  RT  2 
calculated values for the heats of the four intermediate reactions (Q1, Q~, Q3, 
and Q4) and also for the average heat of combination with oxygen,  Q  =  ~ 
(Q,  -1-  Q2 --}- Qs  +  Q4). Table II shows the values of Q1, Q, and Q4 for sheep 
hemoglobin at  pH  9.1  (13)  and  for  human hemoglobin at  neutral  pH,  at I I6  OXYGEN-TRANSPORTING  PIGMENTS 
very low salt concentration, and in  1.0 u  NaC1, as calculated from the recent 
data of Enoki and Tyuma (26). In all three cases Q~ is seen to be significantly 
greater than Q4, but the arithmetic mean of Q1 and Q4 is fairly close to  Q~, 
as must also therefore be the arithmetic mean of Q2 and Q3. No values of Q2 
and  Q3 are quoted in Table  II, owing to the difficulty of obtaining the cor- 
responding equilibrium constants sufficiently accurately. 
The  heat  of combination  of hemoglobin, per  gram  mole  of oxygen,  as 
measured by direct calorimetry, has so far been found to be independent of 
percentage saturation over the range 25 to 85 per cent (Roughton, 27; Chip- 
perfield and Roughton, 28). This might be explicable even on the basis of the 
figures in Table II, ff Q2 is significantly less than  Q but Q3, on the other hand, 
is correspondingly greater than  2: the heat of combination per gram mole at 
the bottom of the equilibrium curve (i.e. over the range 0 to 4 per cent satura- 
tion)  would, however,  still  have  to  be  appreciably higher  than  Q.  Recent 
attempts to verify such a  difference by direct calorimetry have so far failed, 
but unfortunately the corresponding temperature effects would only be of the 
order of 0.00015 °C which is at or beyond the limit of the present experimental 
methods. There  is,  however,  a  possible kinetic indication for  Q1 being  ab- 
normally high. According to standard physicochemical theory 
Q1 =  E~  -  E1  (6) 
where E,  p and  E1  are  the respective energies of activation of the  reactions 
Hb4  +  02 -+ Hb402 and  Hb4  02  --+ Hb4  +  02.  Now the velocity constant 
of the reaction Hb4  +  02 --~ Hb402  is  kinetically  abnormal  in  being  unaf- 
fected by temperature (Hartridge and Roughton, 29; Gibson, 24) and therefore 
E,'  --  0. Unless E1 is also  abnormal, Q, would, in accordance with equation 
(6) be expected to be exceptionally high. 
Effect of Concentration 
The main effect appears to be on K1, which is increased about three times by 
lowering the hemoglobin concentration from 30 gm/liter to  1.2 gin/liter. /£4 
is practically unaltered, whereas Ks and K3 seem to move in opposite directions 
though their geometric mean ~/K2K, which,  as already mentioned, is more 
reliably determinable, hardly changes significantly. Possibly Van der Waals 
effects between adjacent hemoglobin molecules have a  greater relative effect 
on the combination of the first oxygen molecule than on the later molecules. 
Effect of Ionic Strength 
Barcroft and Roberts (30) were the first to show that the oxygen equilibrium 
curve of dialysed hemoglobin, at very low ionic strength, tended to be hyper- 
bolic,  though later  work  (see Adair,  4)  showed that when pH effects were F. J. W.  RouowroN  Oxygen  Equilibrium of Mammalian Hemoglobin  tt7 
allowed for, the curves became appreciably more sigmoid, n  (mid), as thus 
corrected,  being  equal  to  2.04,  instead  of  1.59  (uncorrected).  Barcroft's 
classical work,  though open also  to other possible criticisms, has,  however, 
been generally confirmed by later studies: for example Rossi-Fanelli, Antonini, 
and Caputo (18) report that n (mid) for human hemoglobin rises from a value 
of about 1.5 in 0.0003 M  NaG1 to about 2.8 in 3 M  NaC1, n (mid) being linearly 
related to the logarithm of the salt concentration. 
No estimates have yet been made of KI, K2, K3,  and K~ for sheep hemo- 
globin at very low ionic strength, but in the case of human hemoglobin the 
recent data of Enoki and Tyuma (26)  suggest that the main effect is on KI, 
indeed much more markedly so than in the case of varying hemoglobin con- 
centration. Thus in their Table I they report that at 23°C in "no salt" K1  = 
0.60 and K4  =  1.28, whereas in 1.0 u  NaC1 K1  =  0.04,  K4  --  0.62. 
All the factors considered in this section thus have relatively less effect on the 
equilibrium of the fourth, and last, of the intermediate reactions (i.e. Hb4Oe 4- 
O~ ~--- Hb4Oe), which does indeed resemble the simple equilibrium of oxygen 
with the monomer myoglobin  (i.e. Mbg  4-  O2  ~  MgbO2)  in  this respect; 
e.g., especially in the small effect of pH on the latter. The affinity of the fourth 
oxygen for mammalian hemoglobin may thus correspond to a basic property 
of the heine group, the lower affinity of the first oxygen reaction at moderate 
ionic strengths representing an inhibition relative to that of the fourth reac- 
tion. "Interaction" or enhancement might thus be regarded not so much as a 
positive effect, but, in a more negative sense, as a removal of inhibition. This 
"inhibition" of the first oxygen combination is much less pronounced as the 
ionic strength is reduced, due presumably to the electrostatic effects associated 
with the latter. 
Interpretation  of the  Oxygen  Dissociation  Curve of  Whole  Human  Blood under 
Physiological Conditions in Terms of the Adair Intermediate Compound Hypothesis 
In a  contribution to the recent symposium on "Oxygen in the Animal Or- 
ganism" organised jointly by the International Unions of Biochemistry and 
Physiological Sciences  (6),  I  listed several objections to  applying the Adair 
hypothesis to a  quantitative determination of K1, Ks,  K3,  and K4 in whole 
blood under standard physiological conditions, i.e.  plasma pH  7.4, pCO2  = 
40 torr, 37°C  (S.P.C.  for short):  The more important obstacles are as fol- 
lows :-- 
1. Adair's theory, as originally formulated (4),  is for ideal solutions of hemo- 
globin whose osmotic pressure is proportional to the concentration. At the 
concentrations in the red cell there is a  fourfold or greater deviation from 
ideality. 
2.  The binding of COs to  hemoglobin in the carbamino form affects the I  18  OXYGEN-TRANSPORTING  PIGMENTS 
O2-Hb equilibrium: allowance for this factor has not yet been fully worked 
out. 
3. No specially accurate data at the bottom and top of the equilibrium curve 
have hitherto been available for whole blood (S.P.C.). 
These three objections were all overcome in the work on sheep hemoglobin solu- 
tions,  summarised  in the last section.  Thus in the diluted  solutions used, the 
osmotic  pressure  of the  hemoglobin  was proportional  to  concentration,  and 
by working at zero CO2 pressure,  it was possible to avoid possible complica- 
tions arising from the presence of carbamino compounds. 
1'5 
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During the past year Dr J.  C.  Kernohan  and  I  (unpublished)  have elimi- 
nated  the  third  of these objections by adapting  to whole blood  (S.P.C.)  the 
special methods used by Roughton and his colleagues (6,  13, 22) for obtaining 
especially precise points at the bottom and top of the equilibrium curve. Fig.  1 
shows preliminary results on the blood of two healthy men,  in the range 0  to 
i  per cent saturation, the determinations being accurate to ca.  ±  0.02 per cent 
saturation.  It will  be seen that  the two points for each blood fall on straight 
lines,  from the slope of which K1 can  be calculated  by means of the limiting 
equation  K1  --  4  ×  y/p.  The  values  thus  obtained  are  0.0195  and  0.0258 
torr -1 respectively: this difference (ca.  28 per cent) between the two individual 
bloods is only slightly greater than that seen in the range of values of  p0.6  (i.e. 
23  to  29  tort)  for normal  human  bloods  (S.P.C.),  reported  by Bartels  et  al. 
(31). 
Preliminary  experiments  on  the  top  of the  carbon  monoxide-hemoglobin 
equilibrium  curve  have  given  for whole  human  blood  (S.P.C.)  a  value  for 
L4  =  68 torr -~ and  for L3  =  10 torr  -~ where L3 is the equilibrium  constant F. J.  W.  ROUGHTON  Oxygen  Equilibrium of Mammalian Hemoglobin  II 9 
of the reaction Hb4 (CO)s  +  CO  ~- Hb,(CO)4.  For the same human  blood 
M  was found to be 220, so that/£4  --  L4  +  M  =  0.31  torr-k  Unfortunately 
there has not yet been time to obtain a  series of points over the main range of 
the equilibrium curve (10 to 90 per cent saturation)  for the individual bloods 
used  in  the  special  determinations  at  the  two  ends  of the  curve,  but  two 
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FIou~ 2.  The oxygen-equilibrium  curve of human whole blood under physiological 
conditions. B, average of data on four men reported by Barcroft (2) in 1913. D, average 
of data on three men reported by Dill (32) in 1944. S, modern "standard" curve based 
on the 1961 results of Bartels (31) and other recent data. 
points  falling  close  to  the  modern  standard  oxygen-equilibrium  curve  of 
human  blood  (S.P.C.),  shown as the  dotted line  curve in  Fig.  2.  It  was ac- 
cordingly  decided  to  evaluate  by  automatic  computation  (for  which  my 
warmest  thanks  are  due  to  Mr.  Richard  Clasen  of the  Rand  Corporation, 
Santa  Monica,  California)  the  best values for K2 and  K3 from  the points  at 
10,  20,  30,  40,  50,  60,  70,  80,  and  90  per  cent  saturation  on  the  standard 
equilibrium curve S of Fig. 2, assuming that K4  =  0.31  (as above), and K1  = 
0.0219,  the latter being within  3  per cent of the mean of the values of K1 for 
the two bloods plotted in Fig.  1.  The values so computed were K2  --  0.0427 
(4-0.019) and Ks  =  0.00842 (4-0.002). The root mean square of the deviations I~O  OXYGEN-TRANSPORTING PIGMENTS 
between the observed results and  the results calculated with these four values 
of/£1, K2,/(3, and/£4 was 0.48 per cent saturation, the maximum discrepancy 
being  1.32  per  cent  saturation.  Such  an  agreement  (with  one  reservation 
mentioned  later)  is  as good as can  be expected in view of the experimental 
error  (i.e.  0.5 to 1 per cent saturation) over the middle range of the equilibrium 
curve. 
The "standard"  curve S of Fig. 2 is very close to the relatively recent stand- 
ard  curve published  by Bartels  et  el.  (31),  which was based on the bloods of 
ten men and four women and differs significantly from that of the earlier Dill 
curve  (32)  in  the  lower  third.  The  actual  results  used for the  evaluation  of 
/{'2 and K3 are given in Table III, together with the average results of Bartels, 
the occasional slight differences from the latter  being due to the inclusion  of 
TABLE  III 
DATA  FOR  OXYGEN-EQUILIBRIUM CURVE 
OF WHOLE  HUMAN BLOOD  (S.P.C.) 
Saturation, per cent  10  20  30  40  50  60  70  80  90 
Oxygen pressure  10  15.2  19.0  22.7  26.6  31.1  36.7  44.8  58 
(torr)  Curve S of 
Fig. 2 
Bartels (31)  stand-  --  15.7  19.2  22.8  26.8  31.4  37.0  44.5  57 
ard curve 
allowances for the data of other recent workers.  I  am greatly indebted to Dr. 
J.  Severinghaus  (33) for his advice in this respect, and for keeping me posted 
as to the progress of his current,  and much more comprehensive,  compilation 
of the  best standard  equilibrium  curve from  existing  data.  His  most  recent 
figures  are  everywhere  within  -4-  0.3  torr  of the  oxygen  pressures  given  in 
Table III for curve S. 
In  the  above example,  it  is  seen  that  F2  =  4  and  F3  =  2.3,  i.e.  there  is 
positive enhancement both at the second and third stages of oxygen combina- 
tion,  in contradistinction  to the views of Margaria  and his collaborators  (34), 
who have in recent years taken  up with avidity the thirty year old tentative 
suggestion of Forbes and Roughton  (9)  that F2  --  F3  =  1,  as is nearly  so  in 
the case of the data  at pH  7.1, for dilute sheep hemoglobin  in Table  I.  The 
differing conclusions of Margaria  et al.  (34) are largely to be accounted for by 
their use of older data,  in which the affinity of hemoglobin for oxygen at the 
bottom of the  equilibrium  curve was  taken  to  be about  twice as great  as is 
now thought  to be the case.  Further  experimental  work on the top,  bottom, 
and  middle  of the  human  curve  (S.P.C.)  is  obviously needed  and  is  being 
undertaken  in our laboratory. 
A  few preliminary  observations  at  the  bottom  of the  carbon  monoxide- 
equilibrium curve of whole human blood (S.P.C.) have recently been made in F.  J.  w.  ROUOHTON  Oxygen Equilibrium  of Mammalian Hemoglobin  l~t 
our laboratory and  indicate a  value of about  5  for L1.  Assuming also,  as 
above,  that L3  =  I0 and L,  =  68,  it is then possible to calculate the only 
remaining equilibrium constant,  L2,  from the carbon monoxide equilibria 
data of Joels and Pugh (35)  over the range 20 to 80 per cent saturation. The 
average value of L2 so obtained  =  1.7, and the corresponding value of F2, 
i.e.  1.1, indicates little or no enhancement for the second stage reaction, as 
compared with an enhancement  factor of 4 for the second stage reaction in the 
case of the oxygen-hemoglobin  equilibrium (S.P.C.). On the other hand there 
is about five times greater enhancement at the third stage in the case of the 
carbon-monoxide equilibrium. * 
It  is  also  worth  looking at  the matter from the  viewpoint of Haldane's 
second law,  according to  which LI/K1  =  L2/K2  =  L3/t(3  =  L4/K4  =  M 
(Roughton, 22).  The present preliminary values of the constants for the CO- 
and O~-equilibria of whole human blood (S.P.C.) give L~/K1  =  230, L2/K2  = 
40,  L3/K3  =  1190, L,/K4  =  M  =  220.  Thus Haldane's second law is closely 
followed in two of the four cases and grossly disobeyed, and in opposite direc- 
tions, in the other two cases.  It is  hoped, in the near future, to examine this 
question more thoroughly; in the meanwhile it may be noted that the five- 
fold anomaly in regard to La/_l~a might explain, at any rate in part, the marked 
experimental departure from Haldane's second Law which Roughton  (22) 
reported experimentally for sheep hemoglobin solutions,  at  pH  7.1,  in  the 
range 97.5  to  99.5  per cent saturation.  On  the other hand,  at pH  9.1,  the 
experimental data  on  sheep  hemoglobin  solutions  in  the  same  saturation 
range tallied quite well with Haldane's second law (Roughton, 22, Fig. 4A), 
and in line therewith L#(average value of/fa) was found to be about 55/0.185, 
i.e.  297,  which only differs by some 20 per cent from the average value of M 
for sheep hemoglobin at pH 9.1,  19°C. * 
Previous quantitative attempts  (see  e.g.  Gomez, 36,  and earlier references 
cited  therein)  to  interpret  the  equilibrium curve  of whole  blood  (S.P.C.) 
quantitatively in terms of the Adair theory have been based largely on Dill's 
standard curve for the average of three adult men (see curve D  in Fig.  2) or 
on the less complete data on the blood of a  number of different mammalian 
species (Bartels et al.,  31).  Small negative values of/f3, which are, of course, 
chemically meaningless, have been reported; there seems, however, no doubt 
that Dill's  standard curve is atypical in the range below about 25  per cent 
saturation,  for all  recent results  in  this  range fall definitely below the Dill 
curve by amounts of up to  3 per cent saturation.  Use of the more modern 
standard curve, together with the new, and specially precise, data at the two 
ends of the curve, eliminates the tendency  of/f3 to be negative, and the general 
fit with the Adair equation is now fairly satisfactory, except, it must be ad- 
• Note Added in Proof. (August, 1965)  Further experimental work and computations since April, 1965, 
indicate that the quantitative statements in these two paragraphs may need considerable revision. I22  OXYGEN-TRANSPORTING  PIGMENTS 
mitted,  in  the region  of about  85  to  97  per  cent  saturation,  where  the cal- 
culated points tend systematically to fall below curve S of Fig.  2 by an amount 
equivalent  to  1 per cent saturation  or slightly more,  though  there  is  a  good 
fit with the Dill curve in this upper range.  It is hoped soon to carry out new 
gasometric  estimations,  of the highest  accuracy currently  available,  in order 
to try and  settle the issue.  Aside from this  possible area of uncertainty  there 
now  seems  no  experimental  support  for  Gomez's  suggestion--which  is,  of 
course,  extremely unlikely from the physicochemical viewpoint--that  K~ for 
hemoglobin  inside  the red cell varies  with  the per cent saturation.  Gomez's 
(36)  further  difficulty that  the  function y/p  (1  -  y)  when plotted  against p 
gives, in the case of whole blood (S.P.C.),  a  curve convex to the pressure axis 
up till 99.85 per cent saturation  (see his Fig.  1), whereas in the case of sheep 
hemoglobin  at  pH  9.1,  a  quite  different  type of curve  is  obtained,  tending 
asymptotically to a fixed value (see his Fig. 2), is actually explicable in the very 
way,  which  he  suggests  as  a  possibility,  namely  that  under  physiological 
conditions K#K4  is far smaller than  at pH 9.1.  There is again no need to as- 
sume a  difference of kind in the behaviour of the hemoglobin in the two cases. 
Appendix 
A  Note on the Actual Molecular Weights of Oxyhemoglobin and 
Deoxygenated Human Hemoglobin in Haldane's  Original  (1912) 
Theory 
No statement was made in the original  paper  of Do@as et al.  (8)  as to the actual 
quantitative difference between the average molecular weights of oxyhemoglobin and 
deoxygenated hemoglobin which the theory would require.  It seems of historical in- 
terest to fill in this gap: this can easily be done as follows  :- 
The special form of equation (3), which was found to give agreement to within 4-1 
per cent saturation  (on the average) between the observed and calculated results for 
human whole blood was 
1.6y(9 --  8y)  ( 1A ) 
P  =  (1  --y)(1  +  2y) 
This particular equation was derived on the following arbitrary assumptions: 
(a)  The fraction of the total mass of oxyhemoglobin present as monomer is yx, the 
mass fraction as dimer is 2 y~, the mass fraction as trimer is 2  3  y], and in general 
for the n-dimer the mass fraction is 2  "- 1  yl,, 
(b)  Similarly for deoxygenated hemoglobin the mass fraction as monomer is zl, the 
mass fraction as dimer 8 z~, and in general for the n-dimer the mass fraction  is 
~n--i  n  ZI. 
Then for oxyhemoglobin, 
whenceyl ---- {. 
1 =ya +  2y~ +  22y~ +-- 
Yl 
1  --  2yl F. J. W.  ROUOHTON  Oxygen  Equilibrium of Mammalian Hemoglobin 
Similarly for deoxygenated hemoglobin, 
l=z,+ad+8~z~+-- 
Zl 
1  --  8Zl 
whence zx = 
On these assumptions the number of iron atoms present in the average molecule of 
oxygenated hemoglobin would be yx -}-  2 y2 -b  3 y3 -t- 4 y4 
2  3  =  yx +  2(2y]) +  3(3yx) +  -- 
_  yl 
(1  -  2y~)~ 
1  1 
=  3, corresponding to an average molecular weight of 49,000. 
Similarly the number of iron atoms in the average molecule of deoxygenated hemo- 
globin would be 
zl 
(1  --  8Zl) 2 
1  1 
=  ~x  (I  -  ~)~ 
=  9, corresponding to an average molecular weight of 147,000. 
Adair's experimental finding that the average molecular weights of oxygenated and 
deoxygenated human hemoglobin are the same, viz. about 65,000, was thus a fatal 
blow to the Haldane theory in its original form. The whole episode is a striking in- 
stance of excellent agreement between observation and calculation, in spite of the 
latter being based on wrong premises. 
REFERENCES 
1.  HILL,  A. V., or. Physiol.,  1910, 40, iv P; Biochem. J., 1913, 7,471; Biochem. or., 1921, 
15,577. 
2.  BARCROFr,  J., Biochem. J.,  1913, 7,481. 
3.  BAYLISS,  W. M., Principles  of General Physiology, London, Longmans, Green & 
Co., 1918. 
4.  ADAm, G. S., J. Biol. Chem., 1925, 63,529. 
5.  HASTmCS,  A. B., Role of Haemoglobin in the Blood,  Colloid Symposium Mono- 
graph, New York, Chemical Catalog Co.,  1928, 6, 139. 
6.  ROUCHTON, F. J. w., J. Clin. Chem., 1963, 9,682, Proceedings of a Symposium on 
Oxygen, London, 1963, London, Pergamon Press, 1964, 5. 
7.  WYMAN,  J., Advances Protein Chem., 1964, 19,223. OXYGEN-TRANSPORTING PIGMENTS 
8.  DOUGLAS,  C. G., HALDANE,  J. S., and HALDANP.,  J. B. S., J. Physiol.,  1912,44,275. 
9.  FOgBES,  W. H., and ROUGHTON, F. J. W., or. Physiol.,  1931, 71, 16. 
10.  PAULINO,  L., Prov. Nat. Acad.  Sc.,  1935, 21,186. 
11.  WYMAN,  J., Advances Protein Chem.,  1948, 4,407. 
12.  ROUaHTON, F. J.  W.,  "Haemoglobin," Barcroft  Memorial  Conference,  1948, 
London, Butterworth and Co., Ltd., 1949, 83. 
13.  ROUGHTON, F. J.  W., OTIS, A. B., and LYSTER, R. L. J.,  Proc. Roy.  Soc. London, 
Series B, 1955, 144, 29. 
14.  Wu, H., and YANG, E. F., Chinese J. Physiol.,  1932, 56, 51. 
15. JOHNSON, P., and K~RNOHAN,  J. C., unpublished data. 
16.  BRmHL,  R.  W.,  J. Biol.  Chem,.  1963, 238, 2361. 
17.  RinGs, A., Canad.  J. Biochem.,  1964, 42,763. 
18.  ROSSI-FAN~LLI,  A., ANTONmI, E., and CAPUTO,  A., or. Biol. Chem., 1961, 397,436. 
19.  GILBERT, G. A.,  1964, unpublished data 
20.  ROUGHTON,  F.J.W.,  Proc. Roy. Soc. London, Series B,  1934 115,451. 
21.  PAUL,  W., and ROUCHTO~, F. J.  W., J. Physiol.,  1951, 131, 23. 
22.  ROUaHTON,  F. J. w., J. Physiol.,  1954, 126,359. 
23.  GIBSON, Q. H., and ROUQHTON, F. J. w., Proc. Roy.  Soc. London,  Series B,  1955, 
143,310. 
24.  GmsoN,  Q. H., Progr. Biophysics and Biophysics.  Chem.,  1959, 9, 1. 
25.  GLAUS~.R,  S., Fed. Proc.,  1963, 22,516. 
26.  ENOKI, Y., and T~A,  I., Japan.  J. Physiol.,  1964, 14,280. 
27.  ROUGHTON,  F. J. w., Biochem.  J.,  1935, 29, 2604. 
28.  CmeP~.RFmLD,  J. R., and ROUGHTON, F. J. w., 1965, unpublished data. 
29.  HARTRmGE, H., and ROUGHTON, F. J. W., Proc. Roy.  Soc. London, Series A,  1925, 
107,654. 
30.  BARCROFT,  J., and ROBERTS, F., J. Physiol.,  1909, 39,149. 
31.  BARTEr, H., BET~, K., HILPERT, P., Nm~R,  G., and RmGEL, K., Arch. ges. 
Physiol.,  1961, 272,372. 
32.  DILL, D.  B.,  Handbook of Respiratory Data  in Aviation, Washington,  1944, 
Handbook of Respiration, Philadelphia, W. B. Saunders Co.,  1958, 73. 
33.  SZV~Rn~GHAUS,  J., private communication. 
34.  MARGARIA,  R., TOm~LLX,  G., and Pmi, A., Exp. Med. andSurg.,  1963, 21,127. 
35. JoELs, N., and PUGH, L. G. C. E., J. Physiol.,  1958, 142, 63. 
36.  GoM~.z, D. M., Am.  J. Physiol.,  1961, 200, 135. 